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Section 1
INTRODUC TION

1.1 OBJECTIVES

The work described in this report is the final year's effort of a three-year program to

study wide bandwidth laser eommunications at 1.06-pm wavelength. Earlier efforts

of this program (during the first two years) were direeted to studying the means to pro-
duce a high-efficieney, single-frequeney neodynium doped yttrium aluminum garnet
(Nd:YAG) laser operating at 1.06 gm, and to producee high-efficiency, octave-bhandwidth,
microwave light modulators for this wavelength (Refs. 1 and 2). In addition, a study
was also mude of laser ecommunieation configurations that were suitable for very high
data rates. The overall objeetive of this year's program, then, is to apply the results
of these earlier studies to assemble a laboratory ecommunieation system that uses the
entire modulation bandwidth available. In particular, the final result of this program is

to be a laboratory demonstration of a laser-communieation system having a bandwidth
of 2 GHz.

The detailed objeetives of this study program are as follows:

® Design a laboratory ecommuniecation system, using 1. 06-um radiation from a
Nd:YAG laser and having a system bandwidth of 2 to 4 GHz

® Assess the state-of-the-art of high- frequeney photodeteetors, with emphasis
on a eross-field photomultiplier tube (PMT), that offer good frequency and
speetral response and are suitable as the receiver elements of this communi-
cation demonstration

® Define and design any neecessary mierowave, digital-modulation, and frequency-
modulation subsystems for the eommunication system
Assemble and operate the various subsystems

Demonstrate and evaluate the sysiem performance ir a laboratory environment

b=1
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Work performed during this vear has led to the suceesstul achievement of all the ob-

jectives listed above.

1.2 LASER COMMUNICATION SYSTLEMS

Two laboratory laser communication systems have been designed, implemented, and
demonstrated. The first one is a digital coramunication system employving a quadri-
phase shift keving (QPSK) modulatica format on two microwave subecarviers (2.5 Gllz
and 3.5 GHz) to carry four data streams totaling 2 Gbit/scc. The second system

uses 1 GHz of bandwidth to transmit a number of analog signals by frequency modulat-

ing a4 microwave subcarrier (2.5 GHz), and the second Gllz of bandwidth for the QPSK
transmission (subcarrier frequency 3.5 Gliz) of 1 Gbhit/see digital data. The deteeted
signals at the receiver all show good signal-to-noise ratios. Ior instance, for the
QPSK digital data, it is estimated that by using matched filter detection, the data should
be recoverable with only 2- to 3-dB degradation in performance from the theoretical

‘ integrate-and-dump performance. For the analog FM transmission, signal-to-noise

ratios of 30 dB have been typically measured.

1.3 LIST OF PUBLICATIONS AND PATENT

The following is a list of the publications and patent resulting from the work that has

been supported, in total or in part, by this contraet during the third vear,

1. K. K. Chow, W. B. Leonard, and J. J. Younger, "Recent Advances in Ultrawide-
hind Bandpass Optical Beam Modulators, " presented at the 1973 International

Electronie Devices Meeting in Washington, D.C., December 197;

1o

K. K. Chow, R. C. Ohlmann, R. B. Ward, and R. F. Whitmer, "A 2 Gbit/sec
Laboratory Laser Communication System, " accepted for publication in the
Proceedings of the Sixth DoD Conference on Laser Technology, Colorado Springs,
Colorado, March 1974

3. K. K. Chow, "Wide-Band Traveling-Wave Microstrip Meainder Line Light Modu-
lator," U.S. Patent 3,791,718, February 12, 1974; assigned to the United States

of America as represented by the Secretary of the Navy, Washington, D.C.
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Section 2
SYSTEM DESIGN

2.1 MODULATION FORMATS AND BANDWIDTH CONSIDE RATIONS

To transmit data at the high rates desired, mierowave subeacries modulation formats
are chosen. That is, the information to be transmitted is first modulated onto a micro-
wave earrier frequeney (the subcarrier), whieh, in turn, is modulated onto the optical
beam (the opiieal earrier). For a given modulation format, the data rate to be trans-
mitted determines the required system bandwidth, Therefore, for this demonstration,
the data rate has to be chosen so that the entire available microwave bandwidth of the

optical modulator is used.

At the present moment, there is no one single data source that will occupy the octave
band from 2 to 4 GHz. Therefore, to demonstrate the bandwidth capaeity of this labora-
lory communication system, a convenient way must be devised. This is obtained by
transmitting a number of signals filling that band; i.e., the demonstration can be ac-
complished by using several microwave subcarriers, each with its own sidebands, so

as to fill up the entire modulation band of 2 GHz.

To carry out the demonstration in this fashion, two modulation formats have been
chosen. One uses quadriphase-shift-keying (QPSK) of a microwave subcarrier to trans-
mit digital signals; the other uses frequency modulation of a microwave subcarrier to
transmit analog signals. In this way, both digital- and analog-signal transmission will
be demonstrated. In fact, a combination of these two types of signals, filling the 2- to
4-GHz band, can be made to demonstrate simultareous transmission of digital and
analog signals. In the digital QPSK format, two streams of digital data at a rate of
0.5-Gbit/sec each are the most conveniently obtainable signals in a laboratory. *

*For a brief description of QPSK modulation, see subsection 2. 2.

2-1
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Such an arrangement gives a total data rate of 1 Ghit/sec and has sidebands oceupying
1 GHz of bandwidth. For FM analog modulation, the modulation bandwidth is typically
not limited by the signal sources; rather, it is limited by the devieces that impress the

modulation onto the subcarrier. One of these devices is usually a voltage-controlled

T
S

oscillator (VCO) whose instantancous frequeney is a function of the input modulation
voltage. For VCO's in this frequency range, a 1-GHz speetrum width is usually around
the upper limit of their capabilities,

In this demonstration, therefore, we shall use cither (1) two microwave subcarricrs,
ciach being QPSK-modulated at 1 GL.t/sec to obtain a total data rate of 2 Ghit/sce: or
(2) two subcarriers. one QPSK-modulated to give 1 Ghit/sec and the other modulated
by various FM signals to occupy approximately a gigahertz of bandwidth, In this way,
{ hoth types of modulation signals will be used and performance of the system will be in-
I vestigated. Figure 2-1 is a block diagrani showing the use of these various formats in
] this demonstration. The choice of subcarrier frequencies for these formats will he

discussed in the following subsections.

2.2 QUADRIPHASE-SHIFT-KEYING DIGITAL MODULATION

Detailed block diagrams of this laboratory laser-communication system using QPSK
modulation format to transmit a 2-Gbit/sec data stream is shown in Figs. 2-2 and 2-3,
The optical subsystem, the digital modulation subsystems, and the modulator driver

are shown in Fig. 2-2. The microwave recciver, which amplifics the output of the
photodetector, and the subsequent digital demodulation subsystems are shown in Fig, 2-3,
The optical subsystem is self-explanatory; the lascr and the modulator were both de-
veloped under this contraect in an carlier phase. The photodetector, however, is a com-
mereial one, and there is yet no one photodetector that is completely satisfactory for

our demonstration. This point will be elaborated i subsection 3.2,

In such a digital QPSK modulation subsystem, a ew microwave signal is used as a sub-
carrier. Modulation of the subearrier by the digital data results in a change of the rf

phasc of the subecarricr, These are shown in detail in the phasor diagram presented in

2-2

LOCKHEED PALO ALTO RESEARCH LABORATORY

LNDCKNEED MISSILES [ sSPACE COMPANY, INC
A SUBSIDIARY OFf LOCKHEED AIRCRAFT CORPORATION

- . Sl i i a5 o i = L o Tl e o Tl
e e i T e e e i el o



LMSC-D403175

(v.lvd
03S8/1190 |
ONIHIAODTYH
"Msd )
W3LSASINS
NOLLYINaOW3Ida
TVLIDIA

'@ HO

HIAIZO3YH

uolIrIISUOCW (] WIISAG UOTIEDdTUNUILLIOD)
Aa0jei0qeT 9yl Ul POS) STBWIO ] UOTIBINPO[Y PUE SWolsisqng SnoLivy Surmoys wexSelq yooyd 1-z "St4

]
] HALLINSNVHL
1
1
[
(STVNOIS ] NVE ZHO £-Z
DOTVNY ONIHIA0DFY) i :._‘E____._u..nzﬂm ZHO 1)
WX..SXSd NS [ | WALSASHNS
NOILVI1NAOW3d ] SOTVNY W4
DOTVNY WA i
|
|
|
|
1 (aNve THO ¥-¢ (anve zHD £-2
(Vvivd 23s/L19D 1 i ONIAL D20 ONIAA NDD0
ONIMIAOD3H i 23S/1L1ED 1 i 23S/1199 1
MSd ) i LY “M¥S8dd) HO LV “dSdd)
WALSASHNS WALSASENsS — WILSASHNS
xorivinaowaa | 0 NOLLY10QONW NOLLY1AOK
TV.LIO1a “ TV.LIDIg TV.LIDIa
]
]
“ HALATId KV
|
¥
* “ !
_ & (w7 g90°1)
| HOLD3l3a L HOLYINAOW
! -0LoHd [ i ENORLag) OVAPN
_ WALSASHAS TVILLAO
. ]
i

-3

LOCKHEED PALO ALTO RESEARCH LABORATORY

MSSHLES [ sPaAacCt COoOMmPANY
SUBSIDIARY

LOCHRHEED

A

AlLRCRAST COPPORAINION

LOUNKHEED

oF




LMSC-D403175

ELECTROOP IC OPTICAL SUBSYSTEM
BANDDASS .
MODUIATCR #
2- 10 4-GHe
=5 o e T MctouAve
& = i DETECTOR ‘CEIVE
L et
) POLARIZER
==
GIGITAL MODULATION SUBSYSTEM NO 1 —————— . . MICROWAVE ORIVER AMPLIFIER
[2.0-3 0 GKz BAND) | sreetmom "(,',”.i('<4'('ll' v
AT TME TN | MODULA TOR
| _/\ [ DRIVE
| Kl T
AN ST Ry e d - e =
= 1
POWER RECOMBINER
|
10 3-tllz
e BANDEASS !
I—-“'“ H DIAGRAMS —" LI }‘ +
UsTRATING SUBCARRIER
| Sobt AT A N Thon A P === - OIGITAL MOOULATION
- 10 3-Glle SPECTHEM
| \ /,9 | AMPLIFIEL ' AT TIIS DO | SUBSYSTEM NO.2
| | T | — | [3.0-4.0 GHz BAND)
| s | e | > FREQ |
3.0 3.5 3.0 Gliz
| | e k. pM T
LT - 4
\ bi W s 1. __j_
I . | g
L s p— - |
: ' .'r d- TO 4=Gll2
BANDPASS
F S == pat
| - - ] | PHASOR DLAGHAN S 1 Lenen
: ILLUSTRATING SUBCARRIER | '
LS AR, = = 2 FOWER | MODULATION METHOD [
RECOMBINER 4= TO 4-Gllz
[ - N . -\ | o)1 L ] I AMPLIFIER
| X ot | ..f
wewssk ] @i v [ o] v - T o l e
MUDULA TOR e — POWER e MOnULATOR | 74 B | |
\ SPLIFFER i : w
——‘_- I { 4', 1 \ 1,0 '
; A S ol ;
b1 L/
in :l/ = |3 4 N-IIT DELAY 1 [ i | 3
SIGNAL | to N
SOURCH A | \
| (- =] ) \
W e e 3
2.5 GHz ~ :«xrf\c\(}i\l:nm:n N\
SUBCARRIER e bk, — S o JER
OSCILLATOR LI I
; BIPIASE TR e LA DR AT R
MODULATOR | BCARRIER POWER SUBCARRIEK MODU LATOR
' At SPLITTER B
500 MBIT/SEC |
PR GEN | L e || N-BIT DELAY
SIINAL
SOURCE A*
SHCARNIER ROWHE
| OSCHLLATOR IIVIDEH

= worgl

/———- TO DEMODULATOR KO, |
a PHASE REFERENCE SIGNALS

TO DEMODULATOR NO, 2

Fig, 2-2 2-Gbit/sec Laboratory Laser
Communication System: Optical
Subsystem and Transmitter
Electronics

2-4

o e oy

i e e e




3
!
MICROWAVE RECEIVER
FROM OPTICAL LOW NOISE 2- 10 4-Gliz ——
: DETECTOR 2- TO4-Gllz el LOW-POWER [—+f  CHEL
F AMPLIFIER AMPLIFIER
2- TO 3-Gllz DIGIT E
BANDPASS
FILTER
i BIPHASE BASEBAND OUTPUT B
iy > DEMODULATOR |~ AMPLIFIER |~ 0.5 GBIT/SEC .
DIVIDER A b oy A
BIPIASE BASEBAND OUTPUT A
DEMODUIATOR - AMPLIFIER 0.5 GBIT/SEC
A A DATA
]
QUADRATURE
] POWER
SPLITTER
PIIASE REFERENCE - 1
SIGNAL FROM MODULATION SUBCARRIER
SUBSYSTEM NO. 1 | REFERENCE
PHASE
' SHIFTER
BIGITAL DFMODULATION SUBSYSTEM NO. 2 -
3- TO 4-Gliz
BANDPASS
FILTER
=3 ‘ '
POWER BIPHASE BASEBAND OUTPUT B'
BIVIDER DEMODULATOR |~ AMPLIFIER |+ 0.5 GBIT/SEC
; B! B' DATA
i ‘ ‘
BIPIASE BASEBAND OUTPUT A’
DEMODULATOR f——o /TN ol AMPLIFIER b 0.5 GBIT/SEC
A Al DATA
] QUADRATURE
POWER ]
SPLITTER,
PHASE REFERENCE
SIGNAL FROM MODULA TION SURCARRIER
SUBSYSTEM NO. 2 _IrEFERENCE
PIIASE
SHIFTER
L]

SL1E0TA-OSINT

Fig., 2-3 Two-Gbit/scc Laboratory Laser Communication System: Recciver Electronics

-5




LMSC-D103175

Fig. 2-2. Because of the required bandwidth considerations, as discussed in subscc-
tion 2.1, two subcarriers are chosen — one at 2.5 GHz, and the other at 3.5 GHz.

Each subcarrier is split into two channels: one "in-phase' channcl and one '"'in-
quadrature" channel. Each of the channels is then biphased-shifted at a biphase modu-
lator by an independent 500-Mbit/sec simulated data strcam from a pscudo-random
(PR) signal generator s shown in the associated phasor diagram in Fig. 2-2. That is,
the phase of the mierowave subearrier of that channel is reversed at eacn change of
state of the signal at the binary input terminal of the biphase modulator. Thus, if the
modulating signal is a binary 1"1," the phase of thai channel is undisturbed. If, on the
other hand, the modulator signal is a binary "0," the phase of that channel is reversed

(switched by 180 clectrical degrees as shown dotted in the phasor diarram).

Since the two channels are already in quadrature, the two biphase modulators will give
four possible quadrature phase relationships. Therefore, the combination of the two
channels results in the final phasor relationship shown in Fig. 2-2 and gives a total

data rate of 1 Gbit/sec for that subband.

At an input data rate of 1 Gbhit/sce, the sideband power of QPSK modulation has first
nulls at 500 MHz above and below the subcarrier frequency. Ov*<ide the first nulls,
the power content is negligible. Therefore, for each subband, the center frequency of
the subband is choscn as the subcarrier frequency (2.5 and 3.5 GHz as mentioned
carlier), and a 1-GHz bandpass filter (2 to 3 GHz and 3 to 4 GHz) is used to reject the
sideband power outside the first nulls. Combination of these two subbands gives a
total data rate of 2 Ghit/sce. This is amplified by a 10-W traveling-wave tube (TWT)

to drive the optieal modulator.

In the photc’ (cctor, the optical carricr is detected to recover the microwave sub-
carricrs and their sidebands which arc then sent to the first amplificr in the receiver
subsystem, After amplification, the microwave signal is divided into two halves as
shown in Fig. 2-3. Each nalf is filtered to give onc of the subbands which is then

further divided into two channels. The signal in each channel, together with a strong

2-6
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"in-phase' or "in-quadrature'" reference, is directed to a biphase lemodulator. In a
commmunication systeni, the referenee signals required are normally derived from the
incoming signals. For the ease of this demonstration, however, the reference signals
1 are taken from the transmitter directly by separate eables (hardwire references) to
demonstrate the capacity of the laser communications system, without having to deal

with the added complications of phased-locked loops, etc. for the derivation of the

! reference signals. These hardwire references are clearly indicated in Figs. 2-2
1 and 2-3.
g The biphase demodulator performs synchronous demodulation of the received QPSK
‘f signal by comparing its phase with that of the reference signal. The output signal of the
F biphase modulator is filtered and amplified by a baseband amplifier to recover the
1 500 Mbit/see digital data at each channel. This will be discussed in greater detail in
! subsection 3.3. Two 500-Mbit/sec streams are reecovered for each subband, i.e.,
E a total of 2 Ghit/sec data is reeovered from both subbands.
£

It should he emphasized here that, although the 500-Mbit/sec PR signals for hoth
channels in the subband are synchronous as used here in the demonstration, this

system will accept asynehronous data with only minor degradation. This has heen

g

demonstrated in an earlier experiment conducted at LMSC (Ref. 3).

2.3 FM ANALOG-MODULATION

For the transmission of analog signals, frequency modulation of a microwave sub-

carrier is chosen. The block diagram for this particular form of modulation is shown

in Fig. 2-4; the heart of the modulation subsystem is the voltage controlled oscillator
(VCO). The VCO accepts amplified baseband analog signals (e.g., from local TV
stations) and uses them to control a voltage-sensitive tuning element of the oscillator,
typically a varactor diode. Thus, the instantaneous output frequency of the oscillator
is proportional to the instantaneous voltage o1 the analog signal. For this experiment,
several local TV channels, as well as an audio signal source which modulates a

narrow band FM (NBFM) 400-MHz signal generator, are chosen so that the sidebands

-7
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of the VCO occupy praetieally the entire gigahertz band., TV signals and audio FM
400-MHz signals aire combined, amplified, and used to control the frequeney of the
VCO. At the beginning of this experiment, the mierowzve subcarrier for the FM sub-
band was ehosen to be 3.5 GHz beeause it was believed that VCOs having 400 MHz of
linear tuning range eould be obtained more easily at 2 3.5-Gllz center-frequeney.
llowever, experience gained duriny this program showed that such was not necessarily
the case. In :ddilion, the poor frequency response of photodeteetors at the high-
frequency end (2- to 4-GHz band), coupled with the requirement that analog TV signals
require rather high signal-to-noise /3/N) ratio to attain good reception and presentable
pictures, changed our earlier thoughts about the ehoice of this subearrier frequeney,
As a result, 2.5 GHz is now used as the subearrier frequeney for the analog signals,

and system demonstrations performed using this subearrier frequeney have given
satisfaetory results.

In this experiment, the TV signals and the 400-MHz NBFM signal are combined and
amplified to drive the VCO. From the VCO, the signal is passed through a 2- (o 3-GHz
bandpass filter to eliminate undesirable sidebands and spurious signals, The rf spec-
trum at that point (after the bandpass filter) is then as shown in Fig, 2-4, This signal
is sent to the power recombiner to replace the lower subband of the digital QPSK signals
(the 2- to 3-GHz subband) as shown in Fig, 2-1. After combination with the upper
subband containing the other digital QPSK signals (the 3- to 4-GHz subband), tli. com-

bined signal is sent to the traveling wave tube (as shown in Fig. 2-2) for the modulation
of the optieal signal,

The demodulation system for the FM subband is rather simple as shown in Fig. 2-5,
The received signal from the photcdetector is again split into two halves; one o1 them
goes to the 3.5-GHz subcarrier digital demodulation circuit as before, while the

other is directed to the FM demodulation subsystem as shown in Fig. 2-5. This signal
is filtered by a 2- to 3-GHz bandpass filter and sent through a wideband FM discrimina-

tor. It is then amplified by a baseband amplifier to recover the TV signals and the 400-
MHz NBFM signal.
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FROM PHOTODETECTOR

2- TO 3-GHz
BANDPASS
FILTER

FM
DISCRIMINATOR

10- TO 40-dB
BASEBAND
AMPLIFIER

TO TV SETS
AND

400-MHz NBFM
RECEIVER

Fig. 2-5 The FM Demodulation System ’
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Section 3
CRITICAL COMPONENTS AND SYSTEM IMPLEMENTATION

Most of the critical components required for the system demonstration have been dis-
cussed in some detail in the Third Semiannual Report (Ref. 4). Therefore, their per-
formanece will be presented here only briefly. For additional information, reference
is made to the Third Semiannual Report. However, the ehanges that have been made

during the last six months will be discussed in some detail here.,
3.1 THE OPTICAL MODULATOR

During the first six months, additional effort was spent in improving the 2- to 4-GHz
electrooptic modulator, since this modulator is the heart of this demonstration., In
particular, the '"reverse-flow'" mode of operation was carefully investigated. This is
the mode in whieh the rf drive power for the optical modulator flows through the cireuit
in such a way that the electrooptic modulating crystal is at the input digit. Through
painstaking tuning and matching procedures, improved performance over the '"forward-
flow' mode was obtained, as shown in Fig. 3-1. At a 6-W input drive level, an aver-
age of 60~percent modulation index across a 3-dB bandwidth of 2.07 to 4.00 GHz is
obtained. This is a definite improvement over the "forward-flow" mode obtained last
year, shown in Fig. 3-2 as a comparison, for which approximately 62-percent average
modulation index was obtained at about a 10-W drive level.

It appears from Fig. 3-1 that the modulator was tuned to a higher passband than the
desired 2 to 4 GHz, because the low-frequeney end showed a sharp drop while the
high-frequeney end shcwed uniform response to the band-edge. Therefore, additional
turning effort was applied to move the passband lower. This was met with some sue-
eess: Fig. 3-3 shows the relative optical sideband power as a funetion of modulation

frequeney at low-drive power levels. At these drive levels and using this particular
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LiNbO3 CRYSTAL, 0.3 BY 0.3 BY 7.5 mm
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Fig. 3-1 Modulation Index Versus Frequeney for 7.5-mm- Length LiNbO
Crystal With rf Power in Reverse Direection
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Ao 0.5145 umi, LiNbO3 CRYSTAL 0.3 BY 0.3 BY 7.5 mm
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Fig. 3-2 Modulation Index Versus Frequeney for 7. 5-mm-Length LiNbO Crystal
With rf Power in Forward Direction. (Results were obtained ldst year
and are included here for purpose of comparison)
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RELATIVE OPTICAL
SIDE FAND POWER

3.0
MODULATION FREQUENCY (GHz)

Fig. 3-3 Relative Optical Sideband Power as a Function of Modulition
Frequeney at Low-Drive Power Levels

method of measurement, the modulation index m is approximately proportional to the
square of the sideband power. Thus, the 3-dB level is about half-way down from the
peak, as indieated in Fig. 3-3, and no increase in bandwidth over that shown in Fig.
3-11is observed. Actual measurement of modulation index near the peak response
showed that 80-percent modulation index for 0.5145 um was obtainable at 8.3 W of rf
drive power; this value also agrees well with that sealed up from Fig. 3-1. However,
the peak response is now considerably broader and more centered in the passhand than
that shown in Fig. 3-1. In this respect, improvement in modular performance has

been achieved.

This modulator was used in the initial tests for the 2-Ghit/see data transmission and

performed well, as reported in the Semiannual Report (Ref. 4). Unfortunately, in the

initial experiments for the 1-GHz analog and the 1 Gbit/sec digital transmission, the
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clectrooptical crystal inside the modulator was fractured. A new modulator crystal

was substituted into the modulator. Because of the schedule, it was not possible to

make detailed tuning and matching to duplicate the results obtained earlier. Modulation
index as a function of frequency, obtained for the final version of the modulator, is as
shown in Fig. 3-4, Obviously, the performance was not as good as that obtained earlier,
but this proved adequate for the demonstration of the 1-GHz analog and the 1-Ghit/sec
digital data transmission. Laboratory measurements indicate that approximately 35-

percent modulation index is repeatedly obtainable at 2.0 W of rf drive at 3 GHz.

}‘o = 0,5145 um

LiNbO3 CRYSTAL, 0.3 BY 0,3 BY 7.5 mm
MODULATOR TEMPERATURE ~ 170°C

RF DRIVE = 2 W

MICROWAVE POWER FROM OUTPUT TO INPUT
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Modulation Index as a Function of Frequency at 2-W Drive
Power Level for the Final Version of the Modulator
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3.2 PHOTODETECTORS

For the laboratory demonstration, an experiment it statie cross-field photonmulttiplier
tube (CFPMT) having a Hi-v compound (InGaAsP) photocathode was ordered from
Varian Associates. This order was initiated in the belief that good quantinn efficieney,
low-noise figure, and good frequeney response at 4 Giiz could all be obtained under a
"best-cffort" arrangement. Unfoustunately, the CFPMT received falls short of our
expectatiors: quantum efficiency is less than 1 percent, frequency response above
4.5 GHz is poor and, worst of all, there is a spurions resonance at about 2,5 Gllz,
which is also one of the subcarrier frequencies. The frequency response of the
CFPMT is shown in Fig. 3-5. (The method used to determine the frequency response
will be discussed in the following paragraphs.) Therefore, this CFPMT was deemed
undesirable for our experiment. Another CFPMT, which did not have good quantum
efficiency but did not appear to have this strong resonance, was used for the detcetion

of 2-Gbit/sec optieal data transmission.
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Fig. 3-5 Relative Frequency Response of the Varian Statie Cross-Field
Photomultiplier Tube — Test Performed at 0.5145 “m

3-5

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & space COMPANY, INC
A SUBSIDIARY OF LOCKHEED AtmcRart corroRATION




LMSC-D103175

Since the CFPMT specially ordered from Varian Associates did not fulfill our require-
ments, much effort was expended in the selection ol a suitable photodetector. Solid-
state photodiodes were investigated; these included silicon PIN diodes, gernumium PIN
diodes, as well as a sil.con avalanche diode, All these diodes have rather low fre-
quencey response in the 3- to 4-Giz range; however, both silicon und germanium PIN

diodes appeared useful, Test results are briefly described below,

In these tests, the frequency response of the optical moduliator wias first determined

by measuring the optical sideband power us a function of modulation frequency in a
Fabrv-Perot scanning interferometer., The modulated laser beam is then detected by
the photodetector unde test. The output of the photodetector is fed into a nicrowave
spectrum analyzer, swept at a very low frequency. The frequency responsc as dis-
played on the cathode-ray tube of the spectrum analyzer then gives the combined effects
due to the optical modulator and the photodetector. That is, the display gives the ap-
parent received microwave power as a function of frequency. Since the received power
is proportional to the square of the modulation index, the appurent modulation index as
seen by the spectrum analyzer can be obtained by taking the square root of the power
spectrum. When this apparent modulation index is divided by the known modulation in-
dex for the optical modulator as measured previously, frequency response of the photo-
detector is obtained. For convenience, these tests were initially made at 0.5145 pn,

Thosc having favorable frequeney response were later tested at 1,06 pm,

Figure 3-6 is the frequency responsc curve for a ecommercial silicon avalanche diode
(TI Model XL 55). It is seen that beyond 3,0 GHz, the response was very poor. Since
the avalanche noisc was also very high, the diode was not uscful even at the visible
wavelength, There is a germanium avalanche diode (TI XL 57) available for 1. 06-pum
wiavelength,  Specifications nn its frequency response and noise characteristic are
much worsce than those of TI XL 55. Therefore, the germanium avalanche diode was not
seriously considered,

Figure 3-7 is the response curve for a silicon PIN diode (Philco Model 4501). This

diode has u rather small junction capacitance (0,8 pF typical), so that its frequency
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response is reasonably good even in the 3- to 4-Gliz range. Unfortunately, the spee-
tral response at 1. ¢ um was very poor, thereby rendering the diode not very useful
for this demonstration. For laboratory use with visible wavelengths, however, this

diode is probubly the most desirable one.

Figure 3-8 shows the frequency response of the Philco Germanium PIN diode (Model

4524). This diode has a large junction capacitance (~ 5 pF), and consequently worse
frequencey response, than the silicon PIN diode tested above. Bevond 2.6 GHz, there
1s not much response. However, since the diode is speetrally sensitive at 1,06 um
and can withstand much light intensity, it is still the best detector for the 1.06-pum

experiments. It is therefore chosen for the 1.06-pm tests.
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3.3 PN SIGNAL GENERATOR AND BIPHASE MODULATORS/DEMODULATORS

In the digital modulation subsystem, two important subassemblies are required.
These are the 500-Mbit/sce pscudorandom (PR) signal generators und the balanced
biphase modulators. Both devices have been discussed extensively in the Third

Semiannual Report (Ref. 4) and will not be repeated here.
3.4 THE VOLTAGE CONTROLLED OSCILLATOR

Originally, the subband used for the transmission of 1-GHz bandwidth analog signals
was the 3- to 4-GHz band. The performance of two VCO's operating in this band has
been reported in the Third Semiannual Report (Ref. 4). Beeause of the poor frequency
responsc of the photodetectors as well as the nonlinearity problems in the VCO drivers,
it was deeided to use the 2- to 3-GHz subband for the transmission of analog signals
(sece Ref. 4). For this 1cason, a new VCO was ordered from Omni-Speetra having a
center frequency of 2.5 GHz. This VCO was received at the end of the third quarter
and showed execllent performance characteristies as shown in Fig. 3-9. The overall
linearity over the tuning range of 2.23 to 2.275 Gliz was good. In partieular, over a
tuning range of 160 MHz (+ 80 MHz) centered at 2.5 GHz, excellent linearity is ob-
tained. The voltage required for this + 80 MHz deviation is only 1.5 V peak-to-peak,
corresponding to an rrus drive power of 6 mW. Thus, this VCO showed much better

response than any of the previous ones and is most appropriate for the FM subsystem.

3.5 THE WIDEBAND FM DISCRIMINATOR

For the demodulation of analog signals, a wideband FM diseriminator is required.

The desired charaeteristies of the FM discriminator are as follows:

® Good linearity over a frequency range of 2- to 3-GHz and ability to handle
modulation frequencies up to 400 Mz

® High sensitivity to input frequency variation and low sensitivity to input

amplitude variations
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TUNING VOLTAGE (V)

l | | 1 |
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Fig. 3-9 Static Voltage Tuning Characteristics of the Final Voltage-
Controlled Oscillator

3-19

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKMNEED MISSILES L] SPACE COMPANY, INC.
A SUBSIOIARY OF LOCKHEED AIRCRAET CORPORATION




o T il

LMSC-D102175

® Output level high enough that the noise in the suceeeding 400-MHz wide-
baseband amplifier does not appreciably degrade the signal-to-noise ratio

established in the photodetector

The design of wideband diseriminators has been accomplished at LMSC; it is based on
the work of Kincheloe and Wilkens (Refs. 5 and 6), who suggested the use of a miero-
wave power divider and a 3-dB hybrid coupler conneeted by eonstant impedanec trans-
mission lines. The arrangement is a mierowave analog of a one-dimensional optieal
interferometer; its theory of operation has been presented in the Third Semiannual
Technical Report (Ref. 4).

During the first half year, a diseriminator operating in the 3- to 4-GHz subband has
been fabricated and tested. Linearity was good for deviations up to 250 MHz, as 1e-
ported in the Third Semiannual Technieal Report (Ref. 4). Because of the change of

the frequeney modulation subband, a new FM diseriminator had to be fabricated. This

- was done in the third quarter and the results are as shown in Fig. 3-10. Ovcr z devia-
' fion of + 80 MHz, the output of the diseriminator is linear. Linearity over a greater
range can be obtained by carefully changing the lengths of the two interfering paths,
Sinee this linearity range is more than adequate for the VCO, no additional work was

performed.
3.6 VOLTAGE-CONTROLLED OSCILLATOR/FM DISCRIMINATOR TESTS

To determine whether the voltage-controlled oseillator (VCO) and the FM Diseriminator
will perform properly in the system tests, both were conneeted together and their eom-
bined performance was evaluated. The test setup is as shown in Fig. 3-11. The VCO
is driven by a baseband amplifier having a flat response up to 550 MHz. The output of
the VCO is filtered by a bandpass filter and fed into the FM diseriminator. The output
of the diseriminator is filtered by a low-pass filter having its cutoff at 470 MHz. The
lowpass filtered output is fed to a speetrum analyzer and the resulting power speetrum
displayed on the eathode ray tube. Figure 3-12 shows the frequency response charae-
teristic of the baseband amplifier. The lower trace is a levelled output of the swept
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Fig. 3-10 Performance Characteristic of the
Final Widcband FM Discriminator
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